The present study is aimed to distinguish the different The reason for this difference for two systems may be resulted from the weak charge compensation ability of Mg 2+ ion for Al 3+ ion relative to Ca 2+ ion. All the viscosity variations can be interpreted well by our new proposed viscosity model.
Introduction
The viscosities of aluminosilicate melts are important because of their dramatic effects on pyrometallurgical processes. For instance, reliable viscosities are needed (i) to guarantee smooth operation of the blast furnace, (ii) for foaming processing, (iii) for the successful separation of metal and slag during the basic oxygen steelmaking process and (iv) in the continuous casting process where the slag acts as a lubricant. Therefore, accurate viscosity values are essential for the optimization and improvement of metallurgical processes. CaO-MgO-Al 2 O 3 -SiO 2 slag system is a fundamental system in the pyrometallurgical processes. Up to now, many experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and theoretical [20] [21] [22] [23] [24] researches have been done for this system. Lots of viscosities data for CaO-MgO-Al 2 O 3 -SiO 2 system [12, [14] [15] [16] [17] 19] and its sub-binary systems [1] [2] [3] [4] [5] [6] [7] [8] (e.g. CaO-SiO 2 system, MgO-SiO 2 system, etc.) and sub-ternary systems [2, [7] [8] [9] [10] [11] [12] [13] 18 ] (e.g. CaO-Al 2 O 3 -SiO 2 system, MgO-Al 2 O 3 -SiO 2 system etc.) have been measured. However, deep analyses about the influences of different components on viscosities are lacking. In CaO-MgO-Al 2 O 3 -SiO 2 system, there are mainly three questions involved: viscosity variation in the cases of (i) substituting CaO by MgO, or vice versa (ii) substituting Al 2 O 3 by SiO 2 , or vice versa, and (iii) substituting MO (M=Mg or Ca) by Al 2 O 3 , or vice versa, while keeping contents of the other components constant. Among these three cases, the third one has received much attention [3, 20, [23] [24] . It was found that there was a maximum viscosity along the constant SiO 2 content line in CaO-Al 2 O 3 -SiO 2 system and MgO-Al 2 O 3 -SiO 2 system. In other words, viscosity first increases and then decreases when gradually replacing MO by Al 2 O 3 . The present study mainly deals with the viscosity variation law of the first and second cases based on the measured viscosity data in the literature to distinguish the different influences of CaO and MgO, as well as Al 2 O 3 and SiO 2 .
Theoretical basis
In the following sections, when analyzing the viscosity variation behavior, our new proposed viscosity model [24] [25] [26] [27] [28] [29] [1] where  is the viscosity, Poise; A is the preexponent factor, Poise; R is the gas constant, 8.314 J/(molK); T is the absolute temperature, K; E is the activation energy, J/mol, while is calculated as follows, [2] where are the mole numbers of different types of oxygen ions; parameter describes the deforming ability of bond around the corresponding unit, which is optimized from the viscosity data of simple system. The deforming abilities of chemical bonds around different types of oxygen ions are shown in Table I . The higher the value in Table I is, the weaker the chemical bond around this type of oxygen ion will be. In the denominator of Eq. [4] , the first, second, third, fourth, fifth and sixth terms represent the contributions of bridging oxygen bonded with Si 4+ ion; oxygen bonded with Al 3+ ion not being charge compensated; free oxygen bonded with metal cation i; bridging oxygen bonded with compensated Al 3+ ion by cation i; non-bridging oxygen bonded with Si 4+ ion, and non-bridging oxygen bonded with cation j and Al 3+ ion charge balanced by cation i. The numbers of different types of oxygen ions are related to composition and can be calculated by following the following assumption [28] .
Assumption I: Ca 2+ ion has a higher priority than Mg 2+ ion to charge compensate Al 3+ ion. Only when the Ca 2+ ion is exhausted, Mg 2+ ion could be used to charge compensate Al 3+ ion.
Assumption II: The equilibrium constant for the charge compensation reaction of MO with Al 2 O 3 to generate M 1/2 AlO 2 unit (oxygen ion in this unit is bridging oxygen O Al, i ) is infinite. Following this rule, in the case of , all MO act as charge balancers, whereas in the case of , all Al 3+ ions form the tetrahedrons, and any excess acts as a network modifier. Assumption III: When the free oxygen (in excess MO) react with bridging oxygen (in M 1/2 AlO 2 or SiO 2 ) to generate non-bridging oxygen, it is assumed that the bridging oxygen for and tetrahedra are equivalent, and the numbers of non-bridging oxygen bonded to Al 3+ ion and Si 4+ ion are proportional to the numbers of and tetrahedral present. Assumption IV: The equilibrium constant for the reaction of a free oxygen (in excess MO) with a bridging oxygen (in M 1/2 AlO 2 or SiO 2 ) to generate non-bridging oxygen is infinite. Therefore, for a system, when the mole fraction of the excess basic oxide MO exceeds 2/3, it is assumed that there are no bridging oxygens present in melt. Assumption V: For systems containing both excess CaO and MgO, the numbers of different types of oxygen ions can be calculated by the random mixing rule. In practice, the calculation makes use of firstly, Assumption IV by considering all the excess basic oxides to be one basic oxide; then multiply each term by the re-normalized mole fractions of the excess basic oxides , or
Different influences of CaO and MgO on viscosity
In order to distinguish the different influences of CaO and MgO on viscosity, viscosities of compositions with the same contents of Al 2 O 3 and SiO 2 should be known. The measured compositions in the literature fulfilling this condition are summarized in Table II .
CS-MS group
The comparisons of viscosities for CaO-SiO 2 and MgO-SiO 2 melts with the same content of SiO 2 are shown in Figure 1 , from which it can be seen that MgO-SiO 2 melt possesses a higher viscosity value than CaO-SiO 2 melt. This phenomenon is also found by many researchers [22, 23, 25] .
Viscosity is related to the bond strength. Melt with a strong bond strength means a large resistance to viscous flow under the external force, so a high viscosity will be. For a ionic bond, the bond strength can be approximately evaluated by the coloumbic 
CS-MS-CMS group
The viscosity of CaO-SiO 2 , MgO-SiO 2 and CaO-MgO-SiO 2 melts with the same content of SiO 2 are shown in Figure 2 . With the gradual increase of MgO content, viscosity increases, which agrees with the conclusion obtained in CS-MS group. Therefore, in melt without Al 2 O 3 , viscosity increases monotonously as substituting MgO for CaO. is the same. Therefore, the viscosity difference is mainly determined by the difference between the deforming abilities of chemical bond around bridging oxygen and . From Table I , it can be seen that the deforming ability of chemical bond around is lower than that around . Therefore, a higher viscosity will be anticipated for CaO-Al 2 O 3 -SiO 2 melt than MgO-Al 2 O 3 -SiO 2 melt when the content of MO is less than that of Al 2 O 3 .
The contents of MO is higher than that of Al 2 O 3 for compositions CAS-MAS-7～CAS-MAS-10. In this case, part of CaO or MgO (= ) charge compensate Al 3+ ion to form bridging oxygen, while the other part (= ) form non -bridging oxygen and (i=Mg, Ca). The values in Table  I show that deforming abilities around and are weaker than and, while it is stronger for bridging oxygen than since the tetrahedron charge balanced by Ca 2+ ion is much more stable than that balanced by Mg 2+ ion [11] . So, from CaO-Al 2 O 3 -SiO 2 melt to MgO-Al 2 O 3 -SiO 2 melt with the same contents of Al 2 O 3 and SiO 2 , there will be two changes: bridging oxygen transforms to; non-bridging oxygen and transforms to and . The first change decreases viscosity, while the later one increases viscosity. The viscosity increment will exceed the decrement when there is enough extra basic oxide to generate enough non-bridging oxygen. So, MgO-Al 2 O 3 -SiO 2 melt has a x  higher viscosity than CaO-Al 2 O 3 -SiO 2 melt when content of MO is higher than that of Al 2 O 3 . Furthermore, the larger the is, the larger the viscosity increment will be for MgO-Al 2 O 3 -SiO 2 melt relative to CaO-Al 2 O 3 -SiO 2 melt. The value is higher for compositions CAS-MAS-7 and CAS-MAS-8 than compositions CAS-MAS-9 and CAS-MAS-10, so in Figure 3 , the viscosity increment is higher for the former group. Figure 4 shows that viscosity decreases when partly replacing MgO in MgO-Al 2 O 3 -SiO 2 ternary system by CaO to form a quaternary system CaO-MgO-Al 2 O 3 -SiO 2 (
MAS-CMAS group
). The reason for the phenomenon is that CaO content is higher than Al 2 O 3 content, so after substitution, all Al 3+ ions originally compensated by Mg 2+ ions will be compensated by Ca 2+ ions for the higher priority of Ca 2+ ion relative to Mg 2+ ion [24] . This leads to the form of more stable tetrahedron which increases the viscosity. But, according to the above analysis, the non-bridging oxygen bonded with Ca 2+ ion is weaker than that bonded with Mg 2+ ion.
CaO content is higher than Al 2 O 3 content, so nonbridging oxygen bonded with Ca 2+ ion will be formed. This factor will decrease viscosity. Furthermore, the larger the value of is, the more non-bridging oxygen bonded with Ca 2+ ion will be formed, and the larger the viscosity decrease will be. In Figure 3 , from composition MAS-CMAS-1 to MAS-CMAS-2, there is only a little decrease of viscosity for the small value of . But from composition MAS-CMAS-3 to MAS-CMAS-4, viscosity decreases dramatically for its large value.
CAS-CMAS group
All the six compositions in this group fulfill >0. So, all Al 3+ ions in this group are compensated by Ca 2+ ions. It can be seen from Figure   5 that viscosity increases when substituting part of MgO for CaO (from CAS-CMAS-1 to CAS-CMAS-2, from CAS-CMAS-3 to CAS-CMAS-4, and from CAS-CMAS-5 to CAS-CMAS-6).
Replacing part of CaO by MgO but keeping
>0 can leads to two changes: part of transform to bond; part of transform to . The two changes coexist during the substitution process. The viscosity variation of the melt is determined by the deforming abilities differences (between and , as well as and) , as well as the relative concentration of and . From Table I , it can be seen that bond is stronger than bond, while bond is weaker than bond. Furthermore, the bond strength increment from to is smaller the bond strength decrement from to . Meanwhile, the concentration ratio of to is decided by the content ratio of SiO 2 to Al 2 O 3 [24] , so, when there is enough Al 2 O 3 in melt, enough will be formed to decrease viscosity. But if the content of Al 2 O 3 is smaller relative to SiO 2 , more will be formed than . Therefore, in this case, the viscosity increasing tendency resulted from transforming of to will be dominated, which leads to the increase of viscosity. In this group, the content of Al 2 O 3 for every composition is very small relative to SiO 2 , so viscosity increases when replacing part of CaO by MgO.
CMAS_1 group
It can be seen from Figure 6 that viscosity decreases as replacing part of CaO in composition CMAS_1-1 by MgO to form composition CMAS_1-2 (while keeping the mole fraction of remaining CaO higher than that of Al 2 O 3 ). According to the analyses in CAS-CMAS group, it can be concluded that more will be formed when there is a higher value of (1mol Al 2 O 3 is equivalent to 2mol SiO 2 after being charge compensated). The ratio of in this group is approximately to be 1, so AlO  AlO  the concentrations of and are almost the same [24] . However, the bond strength increment from to is smaller the bond strength decrement from to , so the viscosity decrement will be dominated. Therefore, there is a decrease for viscosity from CMAS_1-1 to CMAS_1-2.
Different influences of Al 2 O 3 and SiO 2 on viscosity
The influence of Figure 7 shows that viscosity decreases from CAS-1 to CAS-2, CAS-3 to CAS-4, but increases from CAS-5 to CAS-6. Combining with the composition in Table III , it can be seen the Al 2 O 3 content is higher than CaO content for compositions CAS-1, CAS-2, CAS-3 and CAS-4, but lower than CaO content for compositions CAS-5 and CAS-6. Therefore, it can be concluded that when there is enough CaO to charge compensate Al 3+ ion, the substitution of Al 2 O 3 for SiO 2 will increase viscosity, while when CaO content is not adequate, the substitution will decrease viscosity. The reason for this is that when content of CaO is higher than Al 2 O 3 , the new added Al 2 O 3 can lead to two aspects of influences on viscosity. First, it consumes equivalent mole of CaO (which originally acts as the network modifier) to charge compensate Al 3+ ion. The compensated Al 3+ ion incorporates into the network of SiO 2 . This aspect increases viscosity. However, as substituting Al 2 O 3 for SiO 2 , strong Si-O bond is replaced by weak Al-O bond. This factor decreases viscosity. As the content of Al 2 O 3 is small relative to CaO, all the Al 3+ ions will be charge compensated and the viscosity increment will be larger than the viscosity decrement, so viscosity increases from CAS-5 to CAS-6. But when Al 2 O 3 content is higher than CaO content, part of Al 2 O 3 (= ) can not be incorporated into the SiO 2 network. This part of Al 2 O 3 can dramatically decrease viscosity for the weak Al-O bond relative to Si-O. Therefore, viscosities decrease from CAS-1 to CAS-2, CAS-3 to CAS-4. In our previous paper [31] , it is also found from experiments that in CaO-Al 2 O 3 -SiO 2 melt, viscosity first increases and then decreases as gradually replacing SiO 2 by Al 2 O 3 , which agrees with the conclusion of the present study. Table I that bond has larger deforming ability than bond) which means a large deforming ability under external force. Therefore, in this case, during the substitution of Al 2 O 3 for SiO 2 , the viscosity increment will be smaller than the viscosity decrement resulted from the substitution of weak Al-O bond for strong Si-O bond, so viscosity decreases.
CAS group

MAS group
CMAS_2 group
From Figure 9 , it can be seen that from CMAS_2-1 to CMAS_2-2, viscosity decreases; while from CMAS_2-5 to CMAS_2-6, viscosity increases. The reason for this may be that composition CMAS_2-1 and CMAS_2-2 only contain small content of CaO which is not enough to charge compensate all the Al 3+ ions. This case is similar to the case of MAS group. Therefore, the viscosity variation law is the same as MAS group. CMAS_2-3 and CMAS_2-4 only contain small content of MgO, and CaO content is enough to charge compensate all Al 3+ ions, so viscosity increases when substituting Al 2 O 3 for SiO 2 as the case of CAS group.
Summary
The present study focuses on the influences of different components on CaO-MgO-Al 2 O 3 -SiO 2 melt by combining the experimental data in the literature and our theoretical viscosity model. From the above examples, it can be seen that the complex variation behavior of viscosity is resulted from the existence of Al 2 O 3 . When substituting CaO for MgO, viscosity changes monotonously for melt without Al 2 O 3 . However, the viscosity variation becomes very complicated when Al 2 O 3 is added. The present study also found that as substituting Al 2 O 3 for SiO 2 in CaO-Al 2 O 3 -SiO 2 melt, viscosity increases when the content of Al 2 O 3 is small relative to that of CaO, but decreases when there is a large substitution. However, the viscosity always decreases for MgO-Al 2 O 3 -SiO 2 melt as substituting Al 2 O 3 for SiO 2 . The weak charge compensation ability of Mg 2+ ion for Al 3+ ion may be the reason for this phenomenon. 
